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Abstract
F-term hybrid inflation models in the context of supergravity generically have
corrections to the inflaton mass squared of the order of H2 (the η-problem). In
addition they have a problem with large deviations of the spectrum of density
perturbations from scale-invariance due to non-renormalizable corrections to the
superpotential. Here we show that an increase of the expansion rate at large
energy densities relative to that in conventional d = 4 cosmology, as suggested
by brane scenarios, can naturally solve the η problem. For the case of a ρ2
squared correction to H2 suppressed by the brane tension this requires that the
d = 5 Planck mass satisfies M5
<
∼
1016 GeV. In addition, the scale-invariance
of the density perturbation spectrum can be generally protected from Planck-
suppressed superpotential corrections if M5
<
∼
1010 GeV. Therefore brane cos-
mologies which produce an enhanced expansion rate at large energy densities
are favoured by SUSY hybrid inflation.
1mcdonald@sune.amtp.liv.ac.uk
1 Introduction
Hybrid inflation models [1] are a favoured class of inflation model, being able to account
for both the flatness of the inflaton potential and the rapid inflaton oscillations which
end inflation, without the need for very small couplings. Supersymmetric (SUSY)
versions are classified as F- [2, 3] or D-term [4] hybrid inflation models, depending on
the origin of the energy density driving inflation. However, once globally SUSY models
are generalized to supergravity (SUGRA), a number of problems arise. For the case
of F-term hybrid inflation models, there are corrections to the inflaton mass squared
of the order of the expansion rate squared arising from SUGRA corrections [5, 3].
Although it is possible to eliminate such corrections by choosing the Ka¨hler potential
carefully, such as having a minimal form [3] or a Heisenberg symmetry [6], in most
models such corrections result in an inflaton potential which cannot produce successful
slow-roll inflation (the η-problem). In addition, SUSY hybrid inflation models (both
F- and D-term) have a problem with deviations of the inflaton potential from flatness
due to Planck-suppressed non-renormalizable corrections to the superpotential. This
arises due to the large initial inflaton expectation value, typically close to the Planck
scale, required in order to achieve sufficient inflation [7, 8].
All this assumes the standard d = 4 cosmology based on the homogeneous and
isotropic Friedmann-Robertson-Walker (FRW) metric. In the past few years there has
been considerable interest in the possibility that spacetime may have more than four
dimensions [9, 10, 11], which is possible if conventional matter is confined to a d = 4
brane. For example, in the Randall-Sundrum (RS) brane scenario with a single brane
and one uncompactified extra dimension (RS2) [11], the brane has a positive tension
and the d = 5 bulk a negative cosmological constant such that the sum cancels out
on the brane, giving zero (or very small, if the cancellation is not exact) cosmological
constant in the d = 4 Universe. Conventional gravity is obtained on the brane by
localizing the massless graviton mode via the near-brane geometry. The cosmology of
this scenario is no longer described by the d = 4 FRW metric but instead one must
solve the d = 5 Einstein equations for the evolution of the full d = 5 metric. The
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solution of the Einstein equations in the RS2 scenario including matter trapped on
the brane results in a different evolution for the d = 4 expansion rate H as a function
of the energy density ρ as compared with conventional d = 4 cosmology [12, 13], such
that at large energy density H is proportional to ρ rather than ρ1/2. It follows that
inflationary cosmology has to be reconsidered in the RS2 brane scenario. This has
recently been done for the case of chaotic inflation, where it was found that the brane
has the advantage of reducing the magnitude of the inflaton field during inflation to
below the Planck scale, so evading dangerous Planck-suppressed non-renormalizable
corrections to the inflaton potential [14, 15].
However, it has been shown that the single-brane RS2 scenario is not compatible
with SUSY [16]. Nevertheless, we generally expect to find corrections to the expansion
rate as a function of the energy density in brane scenarios [17, 18]1. Generalized brane
corrections of the form H2 = Aρ + Bρn have recently been suggested in order to
account for the observed accelerated expansion of the Universe [19]. Any relation
between H2 and ρ is in principle possible in brane cosmology, depending on the bulk
stress-energy tensor and boundary conditions [18], the simplest case being that of a
cosmological constant in the bulk and a cancelling positive tension on the brane, which
results in a ρ2 correction suppressed by the brane tension [17]. In order to explore the
possible advantages for SUSY inflation of an enhanced expansion rate at large energy
densities, in the following we will consider the case of N = 1 d = 4 SUGRA inflation
but with a ρ2 correction to the expansion rate suppressed by the brane tension, using
the RS2 correction as a specific example. We will refer to this as the ”brane-inspired
scenario”. (It should again be emphasized that the RS2 model does not apply in the
SUSY case; we use the Friedmann equation of the RS2 model only as an example
of what might arise in brane cosmology.) In particular we will consider the case of
F-term hybrid inflation. We will show that the η problem can be easily and naturally
1It has also been noted that, due to higher-derivative corrections to the gravitational action, the
ρ2 correction to H2 must probably be considered as the first term in an expansion in energy density
suppressed by powers of the brane tension, in which case we cannot be sure of the form of H2 at
large energy densities in the absence of a full quantum theory of gravity (even in the case of the RS2
scenario) [17].
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solved in this scenario and, in addition, that the problem of corrections to the inflaton
superpotential may be solved if the fundamental d = 5 Planck mass M5 is sufficiently
small.
The letter is organized as follows. In Section 2 we discuss the F-term hybrid
inflation model in the brane-inspired scenario. In Section 3 we review the η-problem
and its solution in the brane-inspired scenario. In Section 4 we consider the problem
of non-renormalizable corrections to the superpotential and its solution in the brane-
inspired scenario. In Section 5 we present our conclusions.
2 F-term Hybrid Inflation in the Brane-Inspired
Scenario
The F-term hybrid inflation model is described by the superpotential [2]
W = S
(
κψψ − µ2
)
. (1)
The tree-level scalar potential in the global SUSY limit is then
V = |κψψ − µ2|2 + κ2|S|2
(
|ψ|2 + |ψ|2
)
. (2)
We can take the inflaton field to be real and positive. If s > sc ≡
√
2µ/κ1/2 (where
< S >= s/
√
2) then at the minimum of V as a function of s we find ψ = ψ = 0 and
so the tree-level potential as a function of s is flat, V (s) = µ4. Including the one-loop
correction due to ψ and ψ loops results in the potential (for s2 large compared with
s2c) [2]
V (s) ≈ µ4
(
1 +
κ2
16π2
ln
(
s
Q
))
, (3)
where Q is a renormalization scale. The slow-roll equation for s is then
3Hs˙ = −∂V
∂s
= − κ
2µ4
16π2s
. (4)
The Friedmann equation for the d = 4 expansion rate H in the RS2 brane scenario is
given by [12, 13]
H2 =
Λ4
3
+
(
8π
3M24
)
ρ+
(
4π
3M35
)2
ρ2 +
ǫ
a4
, (5)
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where Λ4 is the d = 4 cosmological constant, ǫ is due to the influence of graviton
modes in the bulk andM4 and M5 are the d = 4 and d = 5 Planck masses respectively.
For the RS2 brane scenario M5 must be greater than 10
8 GeV in order that gravity
is not modified on length scales greater than the experimental limit of about 1mm
[14]. (We will see that M5 is generally larger than this in following.) The ǫ term
is diminished during inflation by expansion and may be neglected, as may the small
d = 4 cosmological constant. Therefore during inflation in the RS2 scenario
H2 =
(
4π
3M35
)2
ρ (ρ+ ρc) ≡ 8πρ
3M24
(
1 +
ρ
2τ
)
, (6)
where τ = 48πM65 /M
2
4 is the 3-brane tension and
ρc =
3
2π
M65
M24
. (7)
H2 is dominated by the ρ2 term if ρ ≈ µ4 > ρc. We will assume this form for H2 in the
following as a specific example of a brane-generated ρ2 correction to H2 suppressed by
the 3-brane tension.
Using H2 in Eq. (6), the solution to the slow-roll equation Eq. (4) is given by
s2 − s2c =
Nκ2
24π2 (ρ+ ρc)
(
3M35
4π
)2
, (8)
where N is the number of e-foldings of inflation as s rolls from s to sc (assuming
H is approximately constant during inflation). The adiabatic density perturbations
evolve as in conventional d = 4 cosmology [14, 20], with ζ ∝ δρ/ (ρ+ p) conserved
on superhorizon scales, such that δρ/ρ for a density perturbation mode re-entering
the horizon is proportional to δρ/φ˙2 on horizon crossing during inflation. During
slow-rolling the COBE normalization of the density perturbation is given by [21]
δH ≡ 3
5π
H3
V ′
= δH COBE ≡ 1.91× 10−5 , (9)
where δH is the density perturbation spectrum at the present Hubble scale [21]. COBE
normalization then implies that
µ =
(
15
256π2
)1/6 (24
N
)1/12
κ1/6δ
1/6
H COBE
(
1 +
ρc
ρ
)
−1/6
M5 . (10)
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Thus
µ = 0.065κ1/6
(
50
N
)1/12 (
1 +
ρc
ρ
)
−1/6
M5 , (11)
where N ∼ 50 is typical of the number of e-foldings at which COBE length scales exit
the horizon.
In addition to imposing COBE normalization we will assume that s2 is large com-
pared with s2c during inflation, in order that Eq. (3) is valid. With so denoting the
inflaton field when the observable Universe leaves the horizon (N ∼ 50 − 60), this
requires that
s2o ≈
Nκ2
24 (ρ+ ρc)π2
(
3M35
4π
)2
≫ s2c . (12)
This is satisfied if
µ <
(
Nκ3
48π2
)1/6 (
3M35
4π
)1/3 (
1 +
ρc
ρ
)
−1/6
, (13)
with s2c/s
2
o ∝ µ6.
Finally, in order to have a scenario that deviates from conventional d = 4 F-term
hybrid inflation we have to impose that ρ > γρc during inflation (γ is a constant which
will be useful later; for now we may take γ = 1), which requires that
M5 <
(
2πρM24
3γ
)1/6
. (14)
We can combine these conditions to obtain constraints on the coupling κ and the
d = 5 Planck mass M5. The COBE normalization, Eq. (11), combined with the
condition for s2o ≫ s2c , Eq. (13), implies the M5 independent condition
κ > 3.5× 10−3
(
50
N
)3/4
. (15)
The condition ρ > γρc, Eq. (14), combined with the COBE normalization, Eq. (11),
implies that
γ1/2M5 < 7.4× 1016κ1/3
(
50
N
)1/6
GeV ≡M5 c , (16)
(where for M5 ≥ M5 c we have conventional d = 4 cosmology during inflation). Thus
from Eq. (15) and Eq. (16), with γ = 1 and κ of the order of 1, we see that successful
F-term hybrid inflaton with the expansion rate dominated by brane effects can be
naturally achieved if M5
<
∼
1016−17 GeV.
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3 η-Problem in the Brane-Inspired Scenario
In SUGRA models the F-term contribution to the scalar potential is given by [8]
V = F 2 − 3
M2
eK/M
2|W |2 , (17)
whereW is the superpotential, K is the Ka¨hler potential,M = M4/
√
8π is the SUGRA
mass scale and
F 2 = eK/M
2
(
Wm +
WKm
M2
)∗
Km
∗ n
(
Wn +
WKn
M2
)
, (18)
where Wm = ∂W/∂φ
m and Km
∗n is the inverse of Knm∗ . For example, with the
superpotential given by Eq. (1) and with Ka¨hler potential for the inflaton K = |S|2+
∆K, where ∆K = c|S|4/M2 and c is a dimensionless constant and so expected to be
of the order of 1, the SUGRA scalar potential for s > sc is given by
V = Vsusy − 2cµ
4s2
M2
+
(
µ4s4
M4
)
, (19)
where Vsusy is the global SUSY scalar potential. Thus except in the case of c equal to
0 (corresponding to a minimal Ka¨hler potential), the inflaton typically gains a mass
squared correction ∼ ±µ4/M2. In the case of conventional d = 4 cosmology, the
expansion rate during inflation is H2 = µ4/3M2. Therefore the magnitude of the mass
squared correction is of the order of H2. However, it should be emphasized this is
essentially coincidental. For the case of the brane-inspired scenario, the mass squared
correction remains ∼ ±µ4/M2 but, for energy density ρ > ρc, H2 from Eq. (6) is
now larger than µ4/3M2 by a factor ρ/ρc. Thus so long as ρ/ρc is sufficiently large
(greater than about 300), the mass squared correction to the inflaton potential will be
less than 0.1H and so will not play a significant role in the dynamics of the inflaton.
(The magnitude of η-parameter (defined in Eq. (22) below) due to the mass squared
correction is then <
∼
1/300 and so completely negligible.) From Eq. (16) with γ = 300
we see that this requires thatM5
<
∼
1016 GeV. Therefore so long as the scale of gravity
in the bulk is sufficiently small, the η-problem of F-term hybrid inflation models is
solved in the brane-inspired scenario.
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4 Non-renormalizable Superpotential Corrections
In conventional d = 4 cosmology there is a second problem for SUSY hybrid inflation
models associated with the large initial value of the inflaton field required to account
for sufficient inflation [7]. From Eq. (8), if ρ < ρc, corresponding to conventional d = 4
cosmology during inflation, then the value of so (for s
2
o large compared with s
2
c), is
given by
so =
κN1/2M
2
√
2π
. (20)
Thus in conventional d = 4 cosmology and with κ of the order of 1, the initial expec-
tation value of the inflaton is of the order of M . Since in SUGRA there is no reason
to restrict the superpotential to renormalizable terms, we expect in general to find
Planck-suppressed non-renormalizable superpotential terms of the form λnS
n/n!Mn−3
(where we include a symmetry factor n!). This results in a correction to the inflaton
potential
δV =
λ2n|S|2(n−1)
((n− 1)!)2M2(n−3) . (21)
Since in d = 4 cosmology s is typically not very small compared with M , this results
in a large deviation of the spectrum of density perturbation from scale-invariance [7].
The spectral index is given by n = 1 + 2η − 6ǫ, where in general during slow-rolling
η =
1
3
V
′′
H2
, ǫ =
1
3
V
′ 2
H3
∂H
∂V
, (22)
with prime denoting ∂/∂s. (Observationally |n− 1| <
∼
0.1 [22].) For the 1-loop correc-
tion, Eq. (3), η = −1/2N and |ǫ/η| ≈ κ2/16π2 ≪ 1. Assuming that the contribution
of the superpotential correction δV to V
′′
dominates that of the 1-loop correction, η
is then given by
η =
2
3
(
3M35
4π
)2
(n− 1)(2n− 3)λ˜2ns2n−4
ρ (ρ+ ρc)M2(n−3)
, (23)
where λ˜n = λn/(2
(n−1)/2(n − 1)!). (For V ′, V ′′ dominated by δV , |ǫ/η| ≈ δV/V < 1.
Therefore η gives the dominant contribution to the index.) Imposing the constraint
that |2η| <
∼
|∆n| then implies
(
s
M
)2n−4
<
3
4
(
4π
3M35
)2
ρ(ρ+ ρc)∆n
(n− 1)(2n− 3)λ˜2nM2
. (24)
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The largest non-renormalizable correction corresponds to n = 4. From Eq. (12), the
value of so for ρ > ρc and s
2
o ≫ s2c is
s2o =
Nκ2
24π2ρ
(
3M35
4π
)2
. (25)
Thus with s = so in Eq. (24) we obtain for n = 4 an upper limit on M5,
M5 < 1.9× 1010
(
1
λ˜4κ2/3
)(
50
N
)5/3 (∆n
0.1
)1/2
GeV . (26)
Thus for all κ <
∼
1, if M5
<
∼
1010−11 GeV then all non-renormalizable corrections are
compatible with scale-invariance of the spectrum of density perturbations. Note that
from COBE normalization, Eq. (11), the corresponding scale of the energy density
driving inflation, V 1/4 = µ, is then µ <
∼
109−10 GeV. Therefore the thermal gravitino
upper bound on the reheating temperature, TR
<
∼
108 GeV [25], should be easier to
satisfy in this case.
In general, even if Planck-suppressed non-renormalizable superpotential corrections
are acceptable in the brane-inspired scenario, renormalizable S2 and S3 terms must
still be eliminated. Although it is possible to eliminate all superpotential corrections
(both renormalizable and non-renormalizable) via a global R-symmetry, it has been
argued that global symmetries are generally broken by wormhole [23] or string [24]
effects, leaving only discrete symmetries as a possibility for eliminating unwanted
superpotential terms. In this case it is possible that at least some non-renormalizable
superpotential corrections will be allowed by the discrete symmetry. Therefore the
ability to tolerate unsuppressed non-renormalizable corrections may be a significant
advantage for enhanced expansion at large energy densities.
5 Conclusions
We have discussed how F-term hybrid inflation in the context of N = 1 supergravity
models may be modified advantageously via an enhanced expansion rate as a function
of ρ, such as may occur in brane cosmology. As a specific model of a ρ2 correction to
H2 suppressed by powers of the 3-brane tension we assumed the form of the Fried-
mann equation obtained in the (non-SUSY) RS2 scenario. (This is used here only to
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model the form of expansion rate that might plausibly be obtained in brane cosmol-
ogy and in order to illustrate the advantages of an enhanced expansion rate for F-term
inflation.) If the d = 5 Planck scale M5 is less than about 10
16 GeV then SUGRA
corrections to the inflaton mass are less than 0.1H , so solving the η problem. In
addition, if M5
<
∼
1010−11 GeV, then Planck-suppressed non-renormalizable superpo-
tential corrections do not cause an unacceptable deviation of the density perturbation
spectrum from scale-invariance. In this case the energy density during inflation satis-
fies ρ1/4 <
∼
109−10 GeV, making it easier for the reheating temperature to satisfy the
thermal gravitino upper bound. Although we have discussed a specific form for the
enhanced expansion rate, we expect that the benefits for SUSY hybrid inflation will be
obtained for enhanced expansion rates in general. Thus an increased expansion rate as
compared with conventional d = 4 cosmology, such as may occur in brane cosmology,
is favoured by SUSY F-term hybrid inflation. This may serve as a motivation for a
finding a SUSY brane cosmology with a suitably enhanced expansion rate at large
energy densities.
References
[1] A.Linde, Phys. Rev. D49 (1994) 748.
[2] G.Dvali, Q.Shafi and R.Schaefer, Phys. Rev. Lett. 73 (1994) 1886.
[3] E.J.Copeland, A.R.Liddle, D.H.Lyth, E.D.Stewart and D.Wands, Phys. Rev.D49
(1994) 6410.
[4] E.Halyo, Phys. Lett. B387 (1996) 43; P.Binetruy and G.Dvali, Phys. Lett. B388
(1996) 241.
[5] M.Dine, W.Fischler and D.Nemeschansky, Phys. Lett. B136 (1984) 169;
G.D.Coughlan, R.Holman, P.Ramond and G.G.Ross, Phys. Lett. B140 (1984)
44; O.Bertolami and G.G.Ross, Phys. Lett. B183 (1987) 163; M.Dine, L.Randall
and S.Thomas, Phys. Rev. Lett. 75 (1995) 398; G.Dvali, Phys. Lett. B355 (1995)
78.
9
[6] M.K.Gaillard, H.Murayama and K.A.Olive, Phys. Lett. B355 (1995) 71.
[7] C.Kolda and J.March-Russell, Phys. Rev. D40 (1999) 023504.
[8] D.Lyth and A.Riotto, Phys. Rep. 314 (1999) 1.
[9] N.Arkani-Hamed, S.Dimopoulos and G.Dvali, Phys. Lett. B429 (1998) 263; Phys.
Rev. D59 (1999) 086004; I.Antoniadis, N.Arkani-Hamed, S.Dimopoulos and
G.Dvali, Phys. Lett. B436 (1998) 257.
[10] L.Randall and R.Sundrum, Phys. Rev. Lett. 83 (1999) 3370.
[11] L.Randall and R.Sundrum, Phys. Rev. Lett. 83 (1999) 4690.
[12] P.Binetruy, C.Deflayet, U.Ellwanger and D.Langois, Phys. Lett. B477 (2000) 285.
[13] E.E.Flanagan, S-H.Henry Tye and I.Wasserman, Phys. Rev. D62 (2000) 044039.
[14] R.Maartens, D.Wands, B.A.Bassett and I.P.C.Heard, Phys. Rev. D62 (2000)
041301.
[15] M.C.Bento and O.Bertolami, astro-ph/0111273.
[16] R.Kallosh and A.Linde, JHEP 0002 (2000) 005; K.Behrndt and M.Cvetic, Phys.
Rev. D61 (2000) 101901.
[17] C.Csaki, M.Graesser, C.Kolda and J.Terning, Phys. Lett. B462 (1999) 34;
J.M.Cline, C.Grojean and G.Servant, Phys. Rev. Lett. 83 (1999) 4245; J.M.Cline
and J.Vinet, JHEP 0202 (2002) 042.
[18] D.J.Chung and K.Freese,Phys. Rev. D61 (2000) 023511.
[19] K.Freese and M.Lewis, Phys. Lett. B540 (2002) 1; K.Freese, hep-ph/0208264.
[20] J.M.Bardeen, P.J.Steinhardt and M.S.Turner, Phys. Rev. D28 (1983) 679.
[21] E.F.Bunn, A.R.Liddle and M.White, Phys. Rev. D54 (1996) 5917R.
[22] E.M.Letch et al, astro-ph/0104488; N.W.Halverson et al, astro-ph/0104489;
C.Pryke et al, astro-ph/0104490.
10
[23] M.Kamionkowski and J.March-Russell, Phys. Lett. B282 (1992) 137; R.Holman,
T.W.Kephart, E.W.Kolb, R.Watkins and L.M.Widrow, Phys. Lett. B282 (1992)
132.
[24] K.Choi and J.E.Kim, Phys. Lett. B154 (1985) 393; T.Banks, L.Dixon, D.Friedan
and E.Martinec, Nucl. Phys. B299 (1988) 613.
[25] J.Ellis, J.E.Kim and D.V.Nanopoulos, Phys. Lett. B145 (1984) 181; S.Sarkar,
Rep. Prog. Phys. 50 (1996) 1493.
11
